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I.  INTRODUCTION 


In  order  to  model  hole  growth  in  a target  impacted  by  a high-speed, 
long,  slender  rod,  experimental  and  analytical  data  are  required.  A 
method  of  generating  analytical  data  is  through  the  use  of  hydrodynamic 
computer  codes.  A parametric  study,  using  the  DORF-9  code,  was  made  by 
varying  the  rod  radius  and  the  target  thickness  while  holding  the  rod 
and  target  materials  and  rod  impact  velocity  constant.  Some  of  the 
enormous  amount  of  data  that  were  generated  from  running  the  code  are 
presented  here.  These  data  are  useful  not  onlv  for  studying  hole 
growth,  which  has  been  modeled  from  these  data^,  but  also  for  increasing 
the  understanding  of  the  impact  phenomena  and  for  providing  data  for 
setting  up  future  computer  runs. 


II.  COMPUTER  CODE 

The  DORF-9  code^  was  used  to  generate  data  on  the  impact  phenomena. 
The  code  is  a two-dimensional,  multimaterial,  continuous,  Eulerian, 
hydrodynamic  code  coupled  with  an  elastic-plastic  strength  model.  An 
option  of  Cartesian  (x,y)  or  cylindrically  symmetric  (r,z)  coordinates 
is  available  in  the  code.  Also,  tracer  particles  can  be  used  to  provide 
a Lagrangian  look  to  the  plotted  output.  The  code  was  run  on  the  high- 
speed digital  computer,  BRLESC-2,  which  is  located  at  the  Ballistic 
Research  Laboratory. 


III.  ROD-TARGET  CONFIGURATION 

In  all  the  cases  that  were  run  on  the  computer,  the  impact  was 
normal  (zero  obliquity),  thus  permitting  the  problem  to  be  considered 
as  being  axisymmetric.  The  rod  was  treated  as  being  semi-infinite 
in  length  with  a constant  diameter  and  a uniform  initial  velocity  in 
contrast  to  a rod  with  an  initial  velocity  gradient  in  it.  The  rod 
was  copper  with  radii  of  1,  3,  and  9 mm. 

The  steel  target  was  an  infinite  plate  with  thicknesses  of  7.5  and 
37.5  mm  being  considered.  The  stationary  target  was  impacted  by  the  rod 
at  7.5  km/s. 


1.  J.  UaJeAiu,  V.  KuctieA,  and  A.  Me/iendcno,  "A  Hole  Gfiowth  ModeZ 
ToAgzZ  Impact  by  Shaped  Change  Jet&,"  BatCZit^c  RucoAch  LaboAotofiy 
MemoKandum  RepofU  to  be  pubt^&hed. 

2.  U.  E.  Johnson,  "Ve.vetopnent  and  Application  0(J  ComputeA  PAogAomi 
Related  to  HypeAvelootty  Impact,"  System,  Science  and  So^tMAe, 
3SR-749,  AV  it9143,  July  1971. 
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IV.  COMPUTATIONAL  GRID 


A computational  grid  was  laid  out  to  cover  the  cross-sectional 
region  of  interest  of  the  rod-target  configuration  with  the  rod's 
centerline  coinciding  with  the  z-axis.  See  Figures  1-3.  The  rod's 
initial  motion  was  in  the  positive  z-direction.  The  bottom  boundary  of 
the  grid  was  selected  to  be  transmittive,  thus  allowing  rod  material  to 
be  fed  into  the  grid  as  a simulation  of  a semi-infinite  rod.  The  right 
boundary  of  the  grid  was  selected  to  be  transmittive  thus  allowing  the 
simulation  of  an  infinite  plate.  The  top  boundary  was  also  transmittive, 
permitting  material  to  flow  out  of  the  region  of  interest. 

The  overall  physical  dimensions  of  the  grid  was  50  mm  by  81  mm  with 
a corresponding  grid  size  of  35  by  90  cells.  Starting  at  the  top 
boundary,  the  length,  Az,  of  the  first  cell  was  10  mm  followed  by  82 
cells  with  a length  of  0.625  mm.  Thereafter,  the  length  increased  over 
the  final  7 cells  as  a geometric  progression  to  a maximum  Az  of  6.119  mm. 
This  system  of  incrementing  the  z-axis  was  used  for  all  the  cases  that 
were  run  on  the  computer. 

Depending  on  the  radius  of  the  rod,  three  different  systems  of 
incrementing  the  r-axis  were  used.  For  a rod  radius  of  1 mm  (see 
Figure  1),  starting  at  the  left  boundary,  the  width,  Ar,  of  each  of  the 
first  20  cells  was  0.25  mm;  thereafter,  the  width  increased  over  the 
final  15  cells  as  a geometric  progression  to  a maximum  Ar  of  10.080  mm. 

For  a rod  radius  of  3 mm  (see  Figure  2),  starting  at  the  left  boundary, 
the  width  of  each  of  the  first  10  cells  was  0.5  mm;  thereafter,  the 
width  increased  over  the  final  25  cells  as  a geometric  progression  to  a 
maximum  Ar  of  4.155  mm.  Finally,  for  a rod  radius  of  9 mm  (see  Figure  3), 
starting  at  the  left  boundary,  the  width  of  each  of  the  first  30  cells 
was  1.0  mm;  thereafter,  the  width  increased  over  the  final  5 cells  as  a 
geometric  progression  to  a maximum  Ar  of  7.706  nm.  Four  or  more  cells, 
in  the  radial  direction,  were  used  to  fill  in  the  physical  radii  of  the 
three  rods^. 

The  cells,  occupying  the  initial  volume  of  the  rod,  were  given  the 
following  initial  conditions: 

1.  Density  = 8.9  Mg/m^. 

2.  Pressure  =0.0  Mbar. 

3.  Radial  velocity  * 0.0  km/s. 

4.  Axial  velocity  » 7.5  km/s. 

5.  Specific  internal  energy  ■ 0.0  J/g. 

Similar  initial  conditions  were  given  to  the  cells  occupying  the 
initial  volume  of  the  target  except  that  the  density  was  that  of  the 
steel  target  material,  7.86  Mg/m^,  and  the  axial  velocity  was  zero. 

The  yield  stresses  in  shear  that  were  used  for  copper  and  steel  were 
1.275  and  6.8  kbar,  respectively. 


5.  I/.  Kuchtfi,  "PKeJLuUnaAy  ComputeA.  Computatiatu  ^OA.  SltndtA  Rod  Impact 

PfLobtemA,"  BatLutic  Reseo/ic/i  LabofuutoKy  RepOAt  No.  1957,  Fe6  1977, 
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In  all  the  cases  that  were  run,  the  impact  surface  of  the  target 
was  at  z = 21  mm  on  the  grid.  The  back  surface  of  the  target  was  at 
2 = 28.5  or  58.5  mm,  depending  on  the  target  thickness  of  7.5  or  37.5 
mm,  respectively. 


V.  COMPUTER  RESULTS,  7. 5 -MM  TARGET 

A.  Computer  Output 

The  computational  results  were  printed  out  at  0,  h,  and  h ps  and  at 
4 lis  intervals  thereafter.  The  three  cases  of  rod  radii  of  1,  3,  and 
9 mm,  that  were  run  on  the  computer  will  be  referred  to  as  Rl,  R3,  and 
R9,  respectively. 

B.  Tracer  Particle  Motion 


The  DORF-9  code  has  an  opt  Ion  for  incorporating  tracer  particles 
into  its  computations.  These  computations  of  the  motion  of  the  tracer 
particles  are  passive  in  that  the  Eulerian  solution  to  a problem  is  not 
affected  by  these  additional  computations.  The  motion  of  a particle  is 
determined  by  the  weighted  velocity  from  the  cell  containing  the  particle 
and  from  neighboring  cells. 

Tracer  particles  were  initially  positioned  to  outline  the  front  and 
back  surfaces  of  the  target  and  the  free  surface  of  the  rod.  In  addition, 
two  rows  of  tracer  particles  were  positioned  in  the  target  so  that  the 
deformation  of  the  target  could  be  recorded.  Figure  4 shows  the  initial 
position  of  line  segments  which  pass  through  the  tracer  particles  and  give 
a Lagrangian  appearance  to  the  computer  solutions  of  the  problems. 

Figures  4-13  show  a history  of  the  rod-target  deformation  for  the 
three  radii  being  considered.  These  figures  are  useful  for  studying  the 
depth  of  penetration  of  the  rod  i.ito  the  target  and  the  hole  growth  in 
the  target.  Figure  14  shows  the  penetration-time  relation  for  the  three 
rod  radii  being  considered.  The  depth  of  penetration  is  measured  from 
the  original  front  surface  of  the  target.  From  incompressible  jet 
penetration  theory**,  the  penetration  rate  is  3.87  km/s.  At  this  rate, 
about  1.94  ps  would  be  required  for  the  rod  to  pass  through  the  7.5-mm 
target.  However,  other  phenomena  such  as  a rarefaction  wave  from  the 
back  surface  of  the  target  would  affect  the  perforation  time.  The 
computer  output  shows  the  penetration  rate,  based  on  two  data  points,  to 
be  3.81,  3.80,  and  3.92  kro/s  for  Rl,  R3,  and  R9,  respectively,  over  the 
time  period  from  ^ to  1 ps.  After  the  rod  passes  the  original  position 
of  the  back  of  the  target,  the  front  of  the  rod  takes  a velocity  of  6.13, 
5.35,  and  5.86  km/s  for  Rl,  R3,  and  R9,  respectively.  This  velocity  was 


4.  E.  M.  Pugh,  R.  J.  tlcheZbeAgeA,  and  N,  RoitokeA.,  "Thzofiy  Jet 
FoAmotcon  wttfi  Lined  Conicat  Cavltiu,"  JouAnaZ  ojj  ApptLed  Phy^ZcA, 
May  1952. 
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determined  over  the  time  period  from  3 to  4 ys  and  was  based  on  two  data 
points. 

Figures  4-13  were  also  used  for  measuring  hole  radii  at  the  front 
and  back  surfaces  of  the  target.  These  results  are  shown  in  Figure  15 
where  the  hole  radius  has  been  nondimensionalized  with  respect  to  the 
radius  of  the  rod.  Over  the  period  that  the  problems  were  run,  the  hole 
radii  did  not  reach  a steady-state  value.  After  4 ps,  for  all  cases,  the 
hole  radius  at  the  back  surface  of  the  target  was  larger  than  the  hole 
radius  at  the  front  surface. 

C.  Pressure  and  Particle  Velocity 

Pressure  and  material  particle  velocity  profiles  along  the  axis  of 
symmetry  of  the  rod-target  configuration  are  shown  in  Figures  16  - 25. 

The  rod-target  interface  on  the  axis  of  symmetry  is  indicated  by  a 
triangular  symbol  above  the  abscissa. 

Using  Tillotson's  equation  of  state®  for  copper  and  iron,  we  find 
that  the  rod-target  interface  is  shocked  to  a pressure  of  3.0  Mbar  and 
that  the  particle  velocity  in  this  region  is  3.92  km/s.  These  conditions 
would  prevail  in  the  interface  region  until  the  rarefaction  wave  from 
the  free  surface  of  the  rod  reaches  the  center-line  of  the  rod.  This 
occurs  at  0.11,  0.34,  and  1.02  ps  after  impact  for  Rl,  R3,  and  R9, 
respectively. 

Since  the  computer  print -out  at  h us  occurs  after  the  pressure  in  the 
rod  was  released  by  the  rarefaction  wave  from  the  free  surface  of  the  rod, 
the  peak  pressure  of  3.0  Mbar  has  already  decayed  for  Rl;  however,  for  R3, 
the  peak  pressure  is  shown  to  exist  in  Figure  17,  and  for  R9,  in  Figures 
17  and  18.  Beginning  with  Figure  19,  the  decay  of  the  front  of  the  shock 
wave  due  to  the  release  of  the  pressure  at  the  back  surface  of  the  target, 
which  was  originally  at  z > 28.5  mm,  is  shown. 

Figure  25  shows  that  pressure  still  persists  in  the  rod  of  R9  at 
4 ps  in  contrast  to  Rl  and  R3. 

In  Figures  19  - 25,  the  particle  velocity  of  the  back  surface  is 
of  the  order  of  the  impact  velocity  for  R9.  This  occurs  in  Figure  25 
(4  us)  for  Rl,  but  has  not  occurred  for  R3  at  this  time. 

Figure  26  shows  the  pressure  histories  for  the  three  cases  over  a 
period  of  2H  ps.  In  each  case  a steady-state  pressure  was  not  attained. 
Futhermore,  each  case  produced  different  pressure  histories.  For  R9,  the 
pressure  release  came  from  the  front  of  the  pressure  wave;  for  Rl  and  R3, 
the  pressure  release  came  from  the  rear  of  the  pressure  wave. 


5.  J.  H.  T^Utotion,  "UeZatUc  EquatioM  of  Stcutt  foK  HyptAotJLocjUy 
Impact,"  Gulf  GcneAot  KtorUc,  6A-32I6,  July  1962, 
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VI.  COMPUTER  RESULTS,  37.5-MM  TARGET 


A.  Computer  Output 

The  computational  results  were  printed  out  at  0,  h,  and  H ps  and  at 
>i-ViS  intervals  between  >s  and  5 us  and  l-ps  intervals  thereafter.  The 
three  cases  of  rod  radii  of  1,  3,  and  9 nun,  that  were  run  on  the  computer, 
will  be  referred  to  as  RIX,  R3X,  and  R9X,  respectively. 

B.  Tracer  Particle  Motion 


Tracer  particles  were  initially  positioned  to  outline  the  front  and 
back  surfaces  of  the  target  and  the  free  surface  of  the  rod.  In  addition, 
four  rows  of  tracer  particles  were  positioned  in  the  target  so  that  the 
deformation  of  the  target  could  be  recorded.  Figure  27  shows  the  initial 
position  of  line  segments  which  pass  through  the  tracer  particles  and  give 
a Lagrangian  appearance  to  the  computer  solutions  of  the  problems. 

Figures  27  - 45  show  a history  of  the  rod-target  deformation  for  the 
three  radii  being  considered.  Figure  46  shows  the  penetration-time 
relation  for  these  radii.  The  depth  of  penetration  is  measured  from  the 
original  front  surface  of  the  target.  From  incompressible  jet  penetration 
theory,  the  penetration  rate  is  3,87  km/s.  At  this  rate,  about  9.69  us 
would  be  required  for  the  rod  to  pass  through  the  37.5-mm  target.  However, 
other  phenomena  such  as  a rarefaction  wave  from  the  back  surface  of  the 
target  would  affect  the  perforation  time.  The  computer  output  shows  the 
penetration  rate,  based  on  8 data  points,  to  be  3.73,  3.64,  and  3.60  km/s 
for  RIX,  R3X,  and  R9X,  respectively,  over  the  time  period  from  2 to  6 us. 
Although  the  9-mm  rod  has  the  lowest  velocity  while  it  is  penetrating  the 
target,  its  velocity  increases  near  the  back  surface  of  the  target,  and 
it  is  the  first  rod  to  reach  the  back  surface. 

Figures  27  - 45  were  also  used  for  measuring  hole  radii  at  the 
front  and  back  surfaces  of  the  target  and  four  intermediate  planes 
between  these  surfaces.  These  results  are  shown  in  Figure  47  where  the 
hole  radius  has  been  nondimensionalized  with  respect  to  the  radius  of  the 
rod.  The  distance,  h,  is  measured  from  the  front  surface  of  the  target 
into  the  target.  Over  the  period  that  the  problems  were  run,  the  hole 
radii  did  not  reach  a steady-state  value  for  R3X  and  R9X;  however,  except 
for  the  rear  portion  of  the  hole,  the  RIX  hole  does  attain  a steady-state 
size.  The  rear  hole  size  for  RIX  and  R9X  is  shown  to  be  larger  than  the 
front  hole  size. 

C.  Pressure  and  Particle  Velocity 

Pressure  and  material  particle  velocity  profiles  along  the  axis  of 
symmetry  of  the  rod-target  configuration  are  shown  in  Figures  48  - 64. 

The  rod-target  interface  on  the  axis  of  symmetry  is  indicated  by  a 
triangular  symbol  above  the  abscissa. 


Using  Tillotson's  equation  of  state^  for  copper  and  iron,  we  find 
that  the  rod-target  interface  is  shocked  to  a pressure  of  3,0  Mbar  and 
that  the  particle  velocity  in  this  region  is  3.92  km/s.  These  conditions 
would  prevail  in  the  inte»-face  region  until  the  rarefaction  wave  from 
the  free  surface  of  the  rod  reaches  the  center-line  of  the  rod.  This 
occurs  at  0.11,  0,34,  and  1.02  us  after  impact  for  RIX,  R3X,  and  R9X, 
respectively. 

Since  the  computer  print-out  at  5*  ps  occurs  after  the  pressure  in 
the  rod  was  released  by  the  rarefaction  wave  from  the  free  surface  of 
the  rod,  the  peak  pressure  of  3.0  Mbar  has  already  decayed  for  RIX; 
however,  for  R3X,  the  peak  pressure  is  shown  to  exist  in  Figure  49,  and, 
for  R9X,  in  Figures  4*1  -nd  50. 

In  Figures  49  - 51,  the  steady-state  particle  velocity  of  3.92  km/s 
exists  for  R9X;  in  Figure  49,  this  velocity  is  present  for  R3X. 

Figure  51  shows  that  although  the  interface  (triangular  symbol)  is  at 
approximately  the  same  position  on  the  z axis,  for  all  cases  the  position 
of  the  shock  front  from  the  interface  is  greatest  for  R9X  and  decreases 
as  the  rod  radius  becomes  smaller. 

Figure  65  shows  the  pressure  histories  for  the  three  cases  over  a 
period  of  10  or  11  us.  For  all  cases,  the  pressure  histories  are 
dissimilar.  For  RIX,  a constant  pressure  peak  of  0,43  Mbar  exists  from 
time  2 us  to  8 us.  Over  this  same  time  period,  a constant  pressure  peak 
of  0.65  Mbar  exists  for  R3X.  For  R9X,  the  peak  pressure  continuously 
decays  after  h us. 


VII.  DISCUSSION 

The  DORF-9  code  was  used  to  make  a parametric  study  of  the  impact 
of  a long,  slender,  high  speed  copper  rod  on  a steel  target  mainly  to 
obtain  hole  growth  information.  The  rod  radius  was  varied  (1,  3,  and  9 
mm)  and  the  target  thickness  was  varied  (7.5  and  37.5  mm).  The  impact 
velocity  remained  constant  at  7.5  km/s  for  all  cases. 

Hole  growth  information  was  obtained  from  tracer  particle  graphs 
showing  the  rod-target  deformation.  Although  the  computer  runs  were  not 
long  enough  to  obtain  the  final  hole  profiles,  information  on  the  rate 
of  hole  growth  can  be  extracted  from  the  data  presented.  The  hole  data 
indicates  that,  for  both  the  thin  and  thick  targets,  the  rear  radius  of 
the  hole  was  larger  than  the  front  radius. 

The  penetration  histories  for  the  case  of  the  thin  target  did  not 
indicate  a relation  between  the  rod  radius  and  penetration  velocity; 
however,  for  the  thick  target,  the  penetration  velocity  increased 
with  rod  radius.  For  both  target  thicknesses,  the  velocity  of  the 
rod-target  interface  increased  when  the  interface  approached  the  back 
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face  of  the  target  with  the  9-nuii  radius  rod  passing  the  back  face  first. 

The  velocity  and  pressure  profiles  along  the  axis  of  symmetry 
indicate  dissimilarities  between  all  the  cases  that  were  run.  For  the 
thin  target  case,  steady-state  pressure  or  particle  velocity  profiles 
were  never  attained.  For  the  thick  target  case,  constant  peak  pressures 
were  attained  for  the  1 and  3-mm  radius  rod  over  a period  during 
penetration;  however,  for  the  9-mm  radius  rod,  the  peak  pressure  continued 
to  decay  once  the  rarefaction  wave  from  the  rod's  free  surface  acted  on 
the  rod-target  shock  wave. 
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Comparison  of  the  Deformation  of  a 7.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 
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Figure  6.  Comparison  of  the  Deformation  of  a 7.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Comparison  of  the  Deformation  of  a 7.5-nri  Steel 
Target  Impacted  by  1,  3,  and  9-nin  Copper  Rods 


Figure  8.  Comparison  of  the  Deformation  of  a 7.5-mm  Steel 
Target  Impacted  by  1 , 3,  and  9-mm  Copper  Rods 


Figure  9.  Comparison  of  the  Deformation  of  a 7.5-mm  Steel 
Target  Impacted  by  1,  3,  and  S-mm  Copper  Rods 


Figure  10.  Comparison  of  the  Deformation  of  a 7,5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


11.  Comparison  of  the  Deformation  of  a 7.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  12.  Comparison  of  the  Deformation  of  a 7.5-nni  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  13.  Comparison  of  the  Deformation  of  a 7.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 
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Figure  14.  Position  of  the  Rod-Target  Interface 
on  the  Axis  of  Synwnetry  Versus  Time 
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Figure  16.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  18.  Comparison  of  Pressure  and  Velocity  Profiles 


31 


PRCSSURE  RNO  velocity  PLONG  THE  PXIS  OF  SYHMETRY 
CYCLE  ?07  Tine  t 1.50079  *«ICt09fC 

Figure  20.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  21.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  22.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  23.  Comparison  of  Pressure  and  Velocity  Profiles 
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PRESSURE  AND  VELOCITY  ALONG  THE  AXIS  OF  SYMMETRY 
CYCLE  US  ri«  t 1.08683  HICROSEC 


Figure  26.  Comparison  of  Pressure  Profiles  along  the  Axis  of  Symmetry 


27.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-nin  Copper  Rods 
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Figure  29.  Comparison  of  the  Deformation  of  a 37.5-nin  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  30.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  31.  Comparison  of  the  Deformation  of  a 37.5-niii  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  32.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1 , 3,  and  9-mm  Copper  Rods 
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Figure  34.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  35.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  36.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


re  37.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


HM  ■; 


MU 


S » S S I s c 

MM  *2 


31 


Figure  38.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-nin  Copper  Rods 


Figure  39.  Comparison  of  the  Deformation  of  a 37.5-niii  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  40.  Comparison  of  the  Deformation  of  a 37.5-imi  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


Figure  42.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1 , 3,  and  D-mn  Copper  Rods 


43,  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 


gure  44.  Comparison  of  the  Deformation  of  a 37.5-mm  Steel 
Target  Impacted  by  1 , 3,  and  9-nin  Copper  Rods 


Figure  45.  Comparison  of  the  Deformation  of  a 37.5-nin  Steel 
Target  Impacted  by  1,  3,  and  9-mm  Copper  Rods 
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Figure  46.  Position  of  the  Rod-Target  Interface 
on  the  Axis  of  Symmetry  Versus  Time 
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Figure  47.  Comparison  of  Hole  Growth 
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Figure  48.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  49.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  51.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  52.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  53.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  55.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  57.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  58.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  59.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  60.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  63.  Comparison  of  Pressure  and  Velocity  Profiles 
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Figure  64.  Comparison  of  Pressure  and  Velocity  Profiles 
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